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PROCESSING OF THIN FILM ORGANIC
FERROELECTRIC MATERIALS USING
PULSED ELECTROMAGNETIC RADIATION

CROSS REFERENCE TO RELATED
APPLICATIONS

This application 1s a national phase application under 35
U.S.C. § 371 of International Application No. PCT/US2015/
031522 filed May 19, 2015, which claims the benefit of U.S.
Provisional Application No. 62/009,729 titled “PROCESS-
ING OF THIN FILM ORGANIC FERROELECTRIC
MATERIALS USING PULSED ELECTROMAGNETIC
RADIATION”, filed Jun. 9, 2014 and U.S. Provisional
Application No. 62/112,203 ftitled “PROCESSING OF
THIN FILM ORGANIC FERROELECTRIC MATERIALS
USING PULSED ELECTROMAGNETIC RADIATION”,
filed Feb. 5, 2015. The entire contents of the above-refer-
enced patent applications are ncorporated into the present
application by reference without disclaimer.

BACKGROUND OF THE INVENTION

A. Field of the Invention

The present disclosure generally relates to processing of
polymeric ferroelectric materials that can be used i non-
volatile memory and energy storage applications. The pro-
cess mcludes using pulsed electromagnetic radiation tech-
niques to convert polymeric ferroelectric precursor materials
to ferroelectric materials having {ferroelectric hysteresis
properties. Traditional thermal treatment of the ferroelectric
precursor material can be minimized and even avoided with
the process of the present invention. Further, the process
allows for the implementation of low cost roll-to-roll (R2R)
techniques to make the polymeric ferroelectric materials of
the present invention.

B. Description of Related Art

Memory systems are used for storage of data, program
code, and/or other mformation 1n many electronic products,
such as personal computer systems, embedded processor-
based systems, video i1mage processing circuits, portable
phones, and the like. Important characteristics for a memory
cell i electronic device are low cost, nonvolatility, high
density, writability, low power, and high speed. Conven-

tional memory solutions include Read Only Memory
(ROM), Programmable Read only Memory (PROM), Elec-
trically Programmable Memory (EPROM), Electrically
Erasable Programmable Read Only Memory (EEPROM),
Dynamic Random Access Memory (DRAM) and Static
Random Access Memory (SRAM).

ROM 1s relatively low cost but cannot be rewritten.
PROM can be electrically programmed but with only a
single write cycle. EPROM has read cycles that are fast
relative to ROM and PROM read cycles, but has relatively
long erase times and reliability only over a few iterative
read/write cycles. EEPROM (or “Flash”) 1s inexpensive, and
has low power consumption but has long write cycles (ms)
and low relative speed in comparison to DRAM or SRAM.
Flash also has a finite number of read/write cycles leading to
low long-term reliability. ROM, PROM, EPROM and
EEPROM are all non-volatile, meaning that if power to the
memory 1s interrupted the memory will retain the informa-
tion stored 1n the memory cells.

DRAM stores charge on transistor gates that act as
capacitors but must be electrically refreshed every few
milliseconds complicating system design by requiring sepa-
rate circuitry to “refresh” the memory contents before the
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capacitors discharge. SRAM does not need to be refreshed
and 1s fast relative to DRAM, but has lower density and 1s

more expensive relative to DRAM. Both SRAM and DRAM
are volatile, meaning that if power to the memory 1s inter-
rupted the memory will lose the information stored in the
memory cells.

Consequently, existing technologies are either non-vola-
tile but are not randomly accessible and have low density,
high cost, and limited ability to allow multiples writes with
high reliability of the circuit’s function, or they are volatile
and complicate system design or have low density. Some
technologies have attempted to address these shortcomings
including ferromagnetic RAM (FRAM) which utilize a
ferromagnetic region of a ferroelectric capacitor or thin film
transistor to generate a nonvolatile memory cell.

These capacitors and thin film transistors are fabricated
using two parallel conductive plates separated by a ferro-
clectric polymer layer. The ferroelectric polymer layer is
essentially a thin layer of insulating film which contains a
permanent electrical polarization that can be reversed
repeatedly, by an opposing electric field. As a result, the
terroelectric capacitor or thin film transistor has two possible
non-volatile states, which they can retain without electrical
power, corresponding to the two binary logic levels 1n a
digital memory. Ferroelectric capacitors and thin film tran-
sistors Irequently use a polyvinylidene fluoride (PVDEF-
TrFE) copolymer as the ferroelectric material due to 1ts large
polarization value and electrical and maternial properties.

Ferroelectric capacitors and ftransistors also provide
energy-storing functionality. When a voltage 1s applied
across the plates, the electric field 1n the ferroelectric mate-
rial displaces electric charges, and thus stores energy. The
amount of energy stored depends on the dielectric constant
of the msulating material and the dimensions (total area and
thickness) of the film, such that 1mn order to maximize the
total amount of energy that a capacitor or transistor can
accumulate, the dielectric constant and breakdown voltage
of the film are maximized, and the thickness of the film
minimized.

While ferroelectric capacitors and thin film transistor
devices address many of the important characteristics for a
memory cell and energy storage, they can be expensive,
time-consuming, and complicated to make. For instance,
processing of a given ferroelectric material typically begins
with a ferroelectric precursor material that 1s solubilized
within a solution, gel, semi-dry form, or melt. This precursor
material 1s subjected to an annealing step (1.€., heat treatment
with a heat source such as heating plates or ovens) to remove
solvent and to form a crystalline phase, thus forming the
terroelectric material.

This annealing step 1s a rate-limiting step 1n producing
terroelectric maternials. By way of example, PVDF-based
polymers are annealed at a temperature range of 80° C. to
about 170° C. for a plurality of minutes up to about 30
minutes to form the desired crystalline phase. Therefore, the
use of eflicient processing systems such as roll-to-roll pro-
cessing are not a viable option for making ferroelectric
materials. Incorporation of the current annealing steps used
to make ferroelectric maternials 1into a roll-to-roll system not
only slows down the process, but also contributes signifi-
cantly to the overall thermal budget of the manufacturing
line.

SUMMARY OF THE

INVENTION

A solution to the current problems associated with making
polymeric ferroelectric materials has been identified. The



US 10,035,922 B2

3

solution resides 1n an annealing step that can be performed
in microseconds to seconds rather than minutes, thereby
opening up the possibility of using more etlicient systems
(e.g., roll-to-roll process or system) to make ferroelectric
devices such as ferroelectric capacitors and thin film tran-
sistors. In particular, the solution resides 1n using pulsed
clectromagnetic radiation as the annealing step, which can
be done 1n microseconds to seconds. Without wishing to be
bound by theory, it 1s believed that the pulsed electromag-
netic radiation creates an environment that enables the
conversion of polymeric ferroelectric precursor material into
polymeric ferroelectric material having ferroelectric hyster-
es1s properties by promoting crystallization of the precursor
material via removal of solvents, sintering, curing, and/or
drying of said precursor material. Notably, conventional
thermal treatment steps (1.e., heating precursor material with
an external heat source (e.g., hot plate, oven, furnace, heat
lamp, etc.)) can be minimized or avoided all together.
Further, no additives such as curing agents, cross-linking
agents, or electromagnetic absorbing agents need to be
incorporated into the precursor material. Stated plainly,
polymeric ferroelectric precursor material (e.g., ferroelectric
organic polymers, e.g., PVDF—based polymers—solubi-
lized within a solvent or composition) can be directly
converted into polymeric ferroelectric material having fer-
roelectric hysteresis properties within microseconds without
the use of traditional thermal treatment steps and without the
use of additives. The processes of the present invention can
be used to decrease the overall costs, complexity, and time
to make ferroelectric devices such as capacitors and thin film
transistors.

In one aspect of the present invention there 1s disclosed a
method for producing a ferroelectric material, the method
can include (a) obtaining a ferroelectric precursor material,
and (b) subjecting the ferroelectric precursor material to
pulsed electromagnetic radiation suflicient to form a ferro-
clectric material having ferroelectric hysteresis properties.
In certain aspects, the ferroelectric precursor material, prior
to step (b), has not previously been subjected to a thermal
treatment step (1.e., heating precursor material with an
external heat source (e.g., hot plate, ovens, furnaces, or heat
lamp, etc.)) for more than 55 minutes, 50, minutes, 40
minutes, 30 minutes, 20 minutes, 10 minutes, 5 minutes, 3
minutes, 2 minutes, 1 minute or has not been previously
subjected to a thermal treatment step (1.e., 0 minutes). In
preferred aspects, the ferroelectric precursor material, prior
to step (b), has not been subjected to a thermal treatment step
for more than 30 minutes, or preferably for more than 10
minutes or 5 minutes, or preferably has not been subjected
to said thermal treatment. Further, and in certain instances,
no additives such as curing agents, cross-linking agents, or
clectromagnetic absorbing agents, or any combination
thereol or all thereof are added to the precursor material.
Still further, the ferroelectric precursor material, 1n certain
embodiments, 1S not cast under inert conditions—rather 1t
can be placed onto a substrate under normal atmospheric
conditions and then subjected to step (b) to form the ferro-
clectric material. That 1s to say, the ferroelectric precursor
material can be directly processed to a ferroelectric material
having ferroelectric hysteresis properties without the use of
any previous heat treatment/annealing steps or without the
use of any additives or both. Notably, step (b) can be
performed 1n as short a time frame as 0.000001 seconds to
less than 60 seconds, less than 30 seconds, less than 15
seconds, less than 1 second, less, than 0.5 seconds, less than
0.1 seconds, less than 0.01 seconds, less than 0.001 seconds,
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1s, the time 1t takes to convert the precursor material into
terroelectric material having ferroelectric hysteresis proper-
ties via the pulsed electromagnetic radiation can occur
within 0.000001 seconds to less than 60 seconds. In certain
aspects, this time frame can be 25 us to up to 60 seconds.
However, time frames of greater than 60 seconds can be
used (e.g., 75 seconds, 90 seconds, 105 seconds, 2 minutes,
3 minutes, 4 minutes, 5 minutes, 6 minutes, 7 minutes, 8
minutes, 9 minutes, 10 minutes, or more). The time frame
for performing both steps (a) and (b) can be limited by the
printing rate of the printing technique used to deposit the
precursor 1n step (a) (e.g., spray coating, ultra sonic spray
coating, roll-to-roll coating, 1nk jet printing, screen printing,
drop casting, spin coating, dip coating, Mayer rod coating,
gravure coating, slot die coating, doctor blade coating,
extrusion coating, flexography, gravure, oflset, rotary
screen, flat screen, 1ink-jet, roll-to-roll photolithography, or
laser ablation). In certain aspects, the time frame can be 0.01
m~/s to 100 m*/s or any time or range therein (e.g., 0.01 m=/s
to 90, 80, 70, 60, 50, 40, 30, 20, 10, 5, 1, 0.5, 0.1, 0.05 m*/s).
In certain aspect, the time range can be less than 100 m*/s,
less than 75 m*/s, less than 50 m~/s, less than m~/s, less than
25 m?/s, less than 10 m?/s, less than 5 m?*/s, or less than 1
m~/s, or less. The pulsed electromagnetic radiation in certain
preferred aspects has a wavelength of 200 nm to 1500 nm,
or more preferable from 200 nm to 1000 nm. However,
wavelengths below 200 nm (e.g., y-rays, X-rays, extreme
ultraviolet light) and above 1500 nm (e.g., microwaves, and
radio waves) can also be used. Still further, the electromag-
netic radiation used 1n step (b) can be focused on a particular
wavelength (e.g., 300 nm) or a particular radiation type (e.g.,
gamma rays, x-rays, ultraviolet light, visible light, infrared
light, microwaves, radio waves) at the exclusion of types of
radiation (e.g., visible light 1s used as the pulsed light and
does not mnclude UV light or IR light). In certain instances,
a broad range of radiation can be used 1n which the pulsed
clectromagnetic radiation includes all wavelengths within a
given range (e.g., 200 nm to 1500 nm or 200 nm to 1000
nm). Still further, and 1n some non-limiting aspects, UV
radiation (e.g., about 100 nm to about 400 nm) 1s not used
in the pulsed light. In some aspects, the pulse length (1.e., the
period of time that the pulsed electromagnetic radiation 1s
turned on to the time 1t 1s turned ofl for each pulse) 1s about

25 us to 10,000 us or any integer or range therein (e.g., S0,
100, 150, 200, 250, 300, 350, 400, 450, 500, 550, 600, 650,

700, 750, 800, 850, 900, 950, 1000, 1500, 2000, 2500, 3000,
3500, 4000, 4500, 5000, 5500, 6000, 6500, 7000, 7500,
8000, 8500, 9000, 9300, to 10000 us). The pulse length, 1n
certain aspects, can be longer than 10000 micro seconds as
well (e.g., the range can be 25 us to 1 second. In certain
particular aspects, the pulse length can be very short, such as
under 100 ps (e.g., about 5 to 15 us, or about 10 us, about
40 to 60 us, or about 30 us, or about 80 to 120 us, or 100 us).
In particularly preferred embodiments, the pulse length can
be short (e.g., 50 to 250 us, or preferably about 200 us),
medium (e.g., about 300 to 500 us, or preterably about 400
us), or long (e.g., about 600 to 900 us, or preferably about
800 us). The pulses can be a single pulse or multiple pulses
up 1000 pulses or any integer or range therein (e.g., 1, 10,
20, 30, 40, 50, 60, 70, 80, 90, 100, 150, 200, 250, 300, 330,
400, 450, 500, 550, 600, 650, 700, 750, 800, 850, 900, or
1000). The pulse rate that can be used in the context of the
present invention can be about 0.10 Hz to 1 kHz or any
integer or range therein (e.g., 0.1, 1, 10, 20, 30, 40, 50, 60,
70, 80, 90, 100, 1350, 200, 250, 300, 350, 400, 450, 500, 550,
600, 650, 700, 750, 800, 850, 900, or 1000 Hz, or more). The
radiant energy of the pulsed electromagnetic radiation can
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range from 1 to 100 J/cm® or any radiant energy or range
theremn (e.g., 1, 2,3, 4,5, 6,7, 8,9, 10, 20, 30, 40, 50, 60,
70, 80 90, 100 J/cm*-greater radiant energy can also be used
iI desired). The temperature of the pulsed electromagnetic
radiation can be 20° C. to 1300° C. or any temperature or
range therein (e.g., 30, 40, 50, 60, 70, 80, 90, 100, 150, 200,
250, 300, 350, 400, 450, 500, 550, 600, 650, 700, 750, 800,
350, 900, 950, 1000, 1200, or 1300° C.—greater tempera-
tures can also be used 1f desired). Notably, these tempera-
tures (and pulse length) are suflicient to convert the precur-
sor material 1nto ferroelectric material having hysteresis
propertiecs without damaging the underlying substrate,
thereby allowing for the use of substrates having low glass
transition temperatures (1) (e.g., polyethylene terephthalate
(PET), polyethylene (PE), polyvinyl chloride (PVC), poly-
styrene (PS), or polypropylene (PP), or copolymers, terpoly-
mers, or blends thereof). Without wishing to be bound by
theory, 1t 1s believed that the combination of the pulse length
and temperature allows for a fast conversion of the precursor
material mto the ferroelectric material without raising the
temperature of the underlying substrate significantly, such as
above 1ts T, temperature. For instance, the depth ot the
pulsed electromagnetic radiation can remain within the
precursor material/not penetrate the underlying substrate,
thereby preserving the substrate. Alternatively, the depth of
the pulsed electromagnetic radiation can penetrate the entire
precursor material and not penetrate or only partially pen-
ctrate the upper surface of the substrate. In certain aspects,
the pulsed electromagnetic radiation has a pulse depth of 10
nm to up to 1000 nm, or more preferably, 100 to 300 nm, or
even more preferably, a depth that penetrates the precursor
material but not the substrate or only partially penetrates the
substrate (e.g., up to 10, 20, 30, 40, 30, 60, 70, 80, 90, or 100
nm). In certain aspects, the glass transition temperature of
the underlying substrate can range from 10° C. to 300° C. or
any number or range therein (e.g., 10° C. to 250° C., 10° C.
to 200° C., 10° C. to 150° C., 10° C. to 100° C., 10° C. to
50° C., or 50° C. to 300° C., 100° C. to 300° C., 130° C. to
300° C., 200° C. 10 300° C., or 250° C. to 300° C.). In certain
preferred aspects, a crystalline phase 1s formed in the
terroelectric precursor material 1n step (b). Such a crystalline
phase may not be present in step (a). Also, the ferroelectric
precursor material in step (a), 1n certain instances of the
present invention, does not exhibit ferroelectric hysteresis
properties. Thus, the pulsed electromagnetic radiation
allows for the formation of such {ferroelectric hysteresis
properties 1 a short time period and without any need or
reliance on conventional thermal treatment steps, which
opens up the process ol the present invention to more
cllicient processing systems such as roll-to-roll systems
(e.g., steps (a) and (b) can be part of a roll-to-roll process).
In one instance, step (a) further includes disposing the
terroelectric precursor material onto a substrate such that the
terroelectric precursor material has a first surface and an
opposing second surface, wherein the second surface is 1n
contact with the substrate surface. The ferroelectric precur-
sor material can be disposed onto the substrate 1n a liquid
form, a gel form, a semi-dry form, or a melt form. In
particular instances, the disposed precursor material forms a
thin film over the substrate (e.g., a film having a thickness
of 10 nm to 1000 nm, or more preferably, 50 nm to 500 nm,
or still more preferably from 100 to 300 nm). In certain
aspects, the substrate can further include an electrode, and
wherein at least a portion of the second surface of the
terroelectric precursor material 1s 1 contact with the elec-
trode. A further step (¢) can be incorporated into the process,
such that after step (b), a top electrode can be disposed onto
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at least a portion of the ferroelectric material having ferro-
clectric hysteresis properties. Notably, the ferroelectric pre-
cursor material can be disposed on the substrate or the
clectrode by spray coating, ultra sonic spray coating, roll-
to-roll coating, 1nk jet printing, screen printing, drop casting,
spin coating, dip coating, Mayer rod coating, gravure coat-
ing, slot die coating, doctor blade coating, extrusion coating,
flexography, gravure, oflset, rotary screen, flat screen, k-
jet, roll-to-roll photolithography, or laser ablation. Also, the
bottom or top electrodes, or both, can be disposed on the at
least a portion of the first surface of the ferroelectric material
having ferroelectric hysteresis properties by spray coating,
ultra sonic spray coating, roll-to-roll coating, ink jet print-
ing, screen printing, drop casting, spin coating, dip coating,
Mayer rod coating, gravure coating, slot die coating, doctor
blade coating, extrusion coating, flexography, gravure, ofl-
set, rotary screen, flat screen, ink-jet, roll-to-roll photoli-
thography, or laser ablation. In certain instances, the ferro-
clectric precursor material 1s not 1 crystalline or semi-
crystalline form prior to performing step (b) and the pulsed
clectromagnetic radiation 1s used to form the crystalline or
semi-crystalline phase. Additionally, the ferroelectric pre-
cursor material can be solubilized 1n a solvent prior to
performing step (b), and wherein the solvent 1s substantially
removed or completely removed 1n step (b) to produce the
terroelectric material having ferroelectric hysteresis proper-
ties. Non-limiting examples of solvents include methyl ethyl
ketone, dimethylformamide, acetone, dimethyl sulfoxide,
cyclohexanone, tetrahydrofuran, or combinations thereof.
The produced ferroelectric material having ferroelectric
hysteresis properties can be in the form of a film. The
thickness of the film can be 1 nm to 10,000 nm, or more or
any range therein (e.g., 10 nm to 10,000 nm, or 100 to 5,000
nm, 200 to 1,000 nm, etc.). In certain mstances, the thickness
can be more than 1 micron, 2, microns, 3, microns, 4,
microns, 5 microns, 6 microns, 7 microns, & microns, 9
microns, 10 microns, or more (e.g., 20, 30, 40, 50 microns
or more). The ferroelectric precursor material 1n step (a) can
be a polymeric material (1.e., 1t includes a polymer or a blend
of polymers). In certain aspects, the majority of the ferro-
clectric precursor material can include a polymer. In pre-
ferred embodiments, the polymeric ferroelectric precursor
material can be organic polymeric ferroelectric precursor
matenal. In one aspect, the polymeric ferroelectric precursor
material includes a single type of polymer (e.g., ferroelectric
polymer). In other instances, the polymeric ferroelectric
precursor material can include a polymeric blend. The
polymeric blend can include an organic ferroelectric poly-
mer and an organic non-ferroelectric polymer. In more
particular instances, the ferroelectric polymer can be a
polymer, copolymer, terpolymer, or a polymer blend that
includes a ferroelectric polymer, copolymer, or terpolymer
or combinations thereof. In particular instances, the polymer
or polymers 1n a blend are organic polymers. Non-limiting
examples of ferroelectric polymers include polyvinylidene
fluoride (PVDF)-based polymers, polyundecanoamide (Ny-
lon 11)-based polymers, or blends of PVDF-based polymers
or polyundecanoamide (Nylon 11)-based polymers. The
PVDF-based polymer can be a homopolymer, a copolymer,
or a terpolymer, or a blend thereof. A non-limiting example
of a PVDF-based homopolymer polymer 1s PVDEF. Non-
limiting examples of PVDF-based copolymers are poly
(vinylidene fluoride-tetrafluoro ethylene) (P(VDF-TrFE)),
poly(vinylidene-tluoride-co-hexafluoropropene) (P(VDEF-
HEFP)), poly(vinylidene-tluoride-chlorotrifluoroethylene)
(P(VDF-CTFE)) or poly(vinylidene-tluoride-chlorofluoro-
cthylene) (P(VDF-CFE)). Non-limiting examples of PVDEF-
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based terpolymers include poly(vinylidene-fluoride-tritluo-
roethylene-chlorotrifluoroethylene) (P(VDE-TrFE-CTFE))
or poly(vinylidene-tfluoride-tritluoroethylene-chlorofluoro-
cthylene) (P(VDF-TrFE-CFE)). The ferroelectric polymer
can be blended with a non-ferroelectric polymer. Examples
of non-ferroelectric polymers include a poly(phenylene
oxide) (PPO), a polystyrene (PS), or a poly(methyl meth-
acrylate) (PMMA), or blends thereof. In other instances, the
polymeric ferroelectric precursor material can include a
terroelectric polymer and an inorganic material or filler.
Non-limiting examples of inorganic materials and fillers
include lead zirconium titanate, barium titanate, barium
strontium titanate, or molybdenum disulfide or combinations
thereof. In other instances, however, the ferroelectric pre-
cursor material does not include inorganic materials or
fillers. In one particular 1nstance, the ferroelectric precursor
material does not include lead zirconium titanate. In even
more particular mstances, the ferroelectric precursor mate-
rial does not include lead zirconium titanate, barium titanate,
bartum strontium titanate, and molybdenum disulfide. In
additional embodiments, the polymeric ferroelectric precur-
sor material can be subjected to electric field. The electric
field can be from electrophoresis. The polymeric ferroelec-
tric precursor material can be subjected to pulsed electro-
magnetic radiation prior to or simultaneously with the
clectric field. In other aspects, the polymeric ferroelectric
precursor material can be subjected to the electric field prior
to or simultaneously with the pulsed electromagnetic radia-
tion. In preferred 1nstances, steps (a) and (b) are performed
in a roll-to-roll process. The roll-to-roll process can 1nclude
(1) obtaining a substrate uncoiled from a roll; (11) disposing
a back electrode onto at least a portion of a surface of the
substrate; (111) disposing the ferroelectric precursor material
onto at least a portion of a surface of the back electrode such
that ferroelectric precursor material can include a first sur-
face and an opposing second surface that i1s in contact with
the back electrode; (1v) subjecting at least a portion of the
first surface to pulsed electromagnetic radiation suthicient to
form the ferroelectric material having ferroelectric hyster-
es1s properties, wherein the ferroelectric precursor material,
prior to step (1v), has not previously been subjected to a
thermal treatment step for more than 55 minutes, S0 min-
utes, 40 minutes, 30 minutes, 20 minutes, 10 minutes, 5
minutes, 3, minutes, 2 minutes, 1 minute or has not previ-
ously been subjected to a thermal treatment step at all (i.e.,
0 minutes); and (v) disposing a front electrode onto at least
a portion of the first surface of the ferroelectric material
having ferroelectric hysteresis properties. No curing agents
or additives are needed 1n the roll-to-roll process.

In another aspect of the present invention there 1s dis-
closed a ferroelectric capacitor or ferroelectric thin film
transistor that can include the ferroelectric material of the
present mvention. The ferroelectric capacitor or thin film
transistor can include a first conductive material, and a
second conductive material, wherein at least a portion of the
terroelectric material 1s disposed between at least a portion
of the first conductive material and at least a portion of the
second conductive material. The first and/or second conduc-
tive material can 1nclude a metal such as platinum, gold,
aluminum, silver, or copper, or a metal oxide such as zinc
oxide or alloys thereof. In some aspects, the first and/or
second conductive material can include PEDOT: PSS, polya-
niline, or graphene. In other embodiments, the first and/or
second conductive material can include a metal-like con-
ductive substrate such as indium-doped Tin Oxide (ITO).
The ferroelectric capacitor or thin film transistor can be
included on a substrate. The substrate can be silicon, plastic,
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paper, cloth, etc. In particular aspects, the substrate can be a
banknote (e.g., a bill, paper money, or simply a note or
promissory note).

In still another embodiment there 1s disclosed a printed
circuit board or an integrated circuit that can include the
terroelectric material or the ferroelectric capacitor or the
terroelectric thin film transistor of the present invention. The
terroelectric material, capacitor, or thin film transistor 1n the
printed circuit board or integrated circuit can be included in
at least a portion of a communications circuit, a sensing
circuit, or a control circuit. The circuit can be a piezoelectric
sensor, piezoelectric transducer, piezoelectric actuator, or a
pyroelectric sensor. Further, electronic devices can include
the ferroelectric material or the ferroelectric capacitor or thin
film transistors of the present mvention are also contem-
plated.

Also disclosed 1s an integrated circuit or an electronic
device that can include the ferroelectric material produced
by the processes of the present invention, or a ferroelectric
capacitor or thin film transistor of the present invention. The
integrated circuit can be icluded 1n at least a portion of a
communications circuit, a sensing circuit, or a control cir-
cuit.

Another aspect of the present invention includes a method
for reading and restoring data to a nonvolatile memory cell
that can 1nclude a ferroelectric capacitor or thin film tran-
sistor of the present invention. The method can include: (1)
applying a voltage to the ferroelectric capacitor or thin film
transistor; (2) increasing the voltage by a predetermined
amount; (3) detecting a charge signal that results from
increasing said voltage, wherein a charge signal having at
least a certain mimmimum amplitude indicates a change 1n a
previously set polarization state representing a {irst binary
logic level; and (4) restoring said previously set polarization
state 1n said ferroelectric capacitor or thin film transistor 1t
the polarization state has been changed, by altering a polar-
ity of the voltage applied to said ferroelectric capacitor or
thin film transistor.

In another aspect of the present mvention there 1s also
disclosed a method for writing to a nonvolatile memory cell
that can 1nclude a ferroelectric capacitor or thin film tran-
sistor of the present invention. Such a method can 1nclude:
(1) applying a voltage to the ferroelectric capacitor or thin
film transistor; (2) increasing said voltage by a predeter-
mined amount; (3) detecting a charge signal that results from
increasing the voltage, wherein a charge signal having at
least a certain mimmimum amplitude indicates a change to a
second polarization state representing a second binary logic
level; (4) maintaining said second polarization state 1t said
memory cell represents said second binary logic level; and
(3) restoring to a first polarization state representing a first
binary logic level if memory cell represents a first binary
logic level, by altering a polarity the voltage applied to said
terroelectric capacitor or thin film transistor.

In a further embodiment of the present invention there 1s
disclosed a method of decoupling a circuit from a power
supply with a ferroelectric capacitor or thin film transistor of
the present invention. The method can include disposing the
ferroelectric capacitor or thin film transistor between a
power voltage line and a ground voltage line, wherein the
terroelectric capacitor or thin film transistor 1s coupled to the
power voltage line and to the ground voltage line, and
wherein a reduction 1n power noise generated by the power
voltage and the ground voltage 1s achieved.

Also disclosed 1s a method for operating an energy storage
circuit that can 1include a ferroelectric capacitor or thin film
transistor of the present invention, which provides electrical
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power to a consuming device when electrical power from a
primary source 1s unavailable. The method can include: (1)
defining a target energy level for the ferroelectric capacitor
or thin film transistor; (2) charging the ferroelectric capaci-
tor or thin film transistor; (3) measuring a first amount of
energy that 1s stored 1n the ferroelectric capacitor or thin film
transistor during charging; (4) terminating charging of the
terroelectric capacitor or thin film transistor when the first
amount of energy stored in the capacitor or thin film
transistor reaches the target energy level; and (5) discharging,
the capacitor or thin film transistor into the consuming
device when electrical power from the primary source
becomes unavailable.

In another embodiment, there 1s disclosed a method for
operating a piezoelectric sensor, a piezoelectric transducer,
or a piezoelectric actuator using any one of the ferroelectric
capacitors or thin film transistors of the present invention.

Also disclosed in the context of the present mnvention are
embodiments 1 to 55. In a first embodiment, method {for
producing a polymeric ferroelectric material 1s described.
The method can include (a) obtaiming a polymeric ferro-
clectric precursor material; and (b) subjecting the polymeric
terroelectric precursor material to pulsed electromagnetic
radiation suflicient to form a polymeric ferroelectric material
having ferroelectric hysteresis properties, wherein the poly-
meric ferroelectric precursor maternal, prior to step (b), has
not previously been subjected to a thermal treatment for
more than 355 minutes. Embodiment 2 1s the method of
embodiment 1, wherein the pulsed electromagnetic radiation
can include a wavelength of 200 nm to 1500 nm. Embodi-
ment 3 1s the method of any one of embodiments 1 to 2,
wherein the pulse length 1s 25 us to 10,000 us. Embodiment
4 1s the method of any one of embodiments 1 to 3, wherein
the pulse rate 1s 0.1 Hz to 1 kHz. Embodiment 5 1s the
method of any one of embodiments 1 to 4, wherein the
polymeric ferroelectric precursor material i step (b) 1s
subjected to 1 up to 1000 pulses. Embodiment 6 1s the
method any one of embodiments 1 to 5, wherein the radiant
energy of the pulsed electromagnetic radiation ranges from
1 to 100 J/cm*. Embodiment 7 is the method of any one of
embodiments 1 to 6, wherein a crystalline phase 1s formed
in the polymeric ferroelectric precursor material 1n step (b).
Embodiment 8 1s the method of any one of embodiment 1 to
7, wherein the polymeric ferroelectric precursor material 1n
step (a) does not exhibit ferroelectric hysteresis properties.
Embodiment 9 1s the method of any one of embodiments 1
to 8, wherein step (a) further includes disposing the poly-
meric ferroelectric precursor material onto a substrate such
that the polymeric ferroelectric precursor material has a first
surface and an opposing second surface, wherein the second
surface 1s 1n contact with the substrate surface. Embodiment
10 1s the method 9, wherein the substrate further includes an
clectrode, and wherein at least a portion of the second
surface of the polymeric ferroelectric precursor material 1s 1n
contact with the electrode. Embodiment 11 1s the method of
any one ol embodiments 9 to 11, further includes disposing
a top electrode onto at least a portion of the first surface of
the polymeric ferroelectric maternial having ferroelectric
hysteresis properties. Embodiment 12, 1s the method of any
one ol embodiments 9 to 11, wherein the polymeric ferro-
clectric precursor material 1s disposed on the substrate or the
clectrode by spray coating, ultrasonic spray coating, roll-to-
roll coating, 1nk jet printing, screen printing, drop casting,
spin coating, dip coating, Mayer rod coating, gravure coat-
ing, slot die coating, doctor blade coating, extrusion coating,
flexography, gravure, oflset, rotary screen, flat screen, k-
jet, or laser ablation. Embodiment 13 1s the method of any
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one of embodiments 11 to 12, wherein the top electrode 1s
disposed on the at least a portion of the first surface of the
polymeric ferroelectric material having ferroelectric hyster-
esis properties by spray coating, ultrasonic spray coating,
roll-to-roll coating, 1nk jet printing, screen printing, drop
casting, spin coating, dip coating, Mayer rod coating, gra-
vure coating, slot die coating, doctor blade coating or
extrusion coating. Embodiment 14 is the method of any one
of embodiments 9 to 13, wherein steps (a) and (b) are
performed in less than 100 m*/s. Embodiment 15 is the
method of any one of embodiments 1 to 14, wherein the
polymeric ferroelectric precursor material 1n step (a) 1s in a
liguid form, a semi-dry form, a gel form, or a melt form.
Embodiment 16 1s the method of any one of embodiments 1
to 15, wherein the polymeric ferroelectric precursor material
1s not 1n crystalline or semi-crystalline form prior to per-
forming step (b), and wherein the produced polymeric
terroelectric material having ferroelectric hysteresis proper-
ties 1s 1n crystalline or semi-crystalline form after perform-
ing step (b). Embodiment 17 1s the method of any one of
embodiments 1 to 16, wherein the polymeric ferroelectric
precursor material 1s solubilized 1n a solvent prior to per-
forming step (b), and wherein the solvent 1s substantially
removed 1n step (b) to produce the polymeric ferroelectric
material having ferroelectric hysteresis properties. Embodi-
ment 18 1s the method of any one of embodiments 1 to 17,
wherein the produced polymeric ferroelectric material hav-
ing ferroelectric hysteresis properties 1s a film. Embodiment
19 1s the method of embodiment 18, wherein the thickness
of the film 1s 10 nanometers to 10 microns. Embodiment 20
1s the method of any one of embodiments 1 to 19, wherein
the polymeric ferroelectric precursor material in step (a) can
include a {ferroelectric polymer. Embodiment 21 1s the
method of embodiment 20, wherein the ferroelectric poly-
mer 1s a polyvinylidene fluoride (PVDF)-based polymer or
a blend can include a PVDF-based polymer. Embodiment 22
1s the method of embodiment 21, wherein the PVDF-based
polymer 1s a homopolymer, a copolymer, or a terpolymer, or
a blend thereof. Embodiment 23 1s the method of any one of
embodiments 21 to 22, wherein the PVDF-based polymer 1s
blended with a non-PVDF-based polymer. Embodiment 24
1s the method of embodiment 23, wherein the non-PVDF
polymer 1s a poly(phenylene oxide) (PPO), a polystyrene
(PS), or a poly(methyl methacrylate) (PMMA), or a blend
thereof. Embodiment 25 1s the method of any one of
embodiments 21 to 24, wherein the PVDF-based polymer 1s
PVDF, a poly(vinylidene {fluoride-tetratluoroethylene)
(P(VDF-TrFE)), or a poly(vinylidene-fluoride-co-hexafluo-
ropropene) (P(VDF-HFP)), poly(vinylidene {fluoride-co-
chlorotrifluoroethylene) (PVDF-CTFE), poly(vinylidene
fluoride-co-chlorofluoroethylene) (PVDF-CFE), poly(vi-
nylidene  fluoride-co-chlorodifluoroethylene)  (PVDEF-
CDFE), poly(vinylidene fluoride-co-trifluoroethylene-co-
chlorofluoroethylene) (PVDF-TrFE-CFE), poly(vinylidene
fluoride-co-trifluoroethylene-co-chlorotrifluoroethylene)

(PVDF-TrFE-CTFE), poly(vinylidene fluoride-co-trifluoro-
cthylene-co-hexafluoropropylene) (PVDF-TrFE-HEP), poly
(vinylidene fluoride-co-trifluoroethylene-co-chlorodifluoro-
cthylene) (PVDF-TrFE-CDFE), poly(vinylidene fluoride-
co-tetrafluoroethylene-co-chlorofluoroethylene)  (PVDEF-
TFE-CFE), poly(vinylidene fluoride-co-tetratluoroethylene-
co-chlorotrifluoro ethylene) (PVDF-TFE-CTFE), poly

(vinylidene fluoride-co-tetratluoroethylene-co-
hexafluoropropylene) (PVDF-TFE-HFP), and poly
(vinylidene fluoride-co-tetratluoroethylene-co-

chlorodifluoroethylene) (PVDF-TFE-CD FE), or a
polymeric blend thereof. Embodiment 26 1s the method of
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any one of embodiments 1 to 25, wherein steps (a) and (b)
are performed 1n a roll-to-roll process. Embodiment 1s the
method of embodiment 26, further includes: (1) obtaining a
substrate uncoiled from a roll; (1) disposing a back electrode
onto at least a portion of a surface of the substrate; (i11)
disposing the polymeric ferroelectric precursor material
onto at least a portion of a surface of the back electrode such
that ferroelectric precursor material can include a first sur-
face and an opposing second surface that 1s 1n contact with
the back electrode; (1v) subjecting at least a portion of the
first surface to pulsed electromagnetic radiation sutlicient to
form the polymeric ferroelectric material having ferroelec-
tric hysteresis properties, wherein the polymeric ferroelec-
tric precursor material, prior to step (1v), has not previously
been subjected to a thermal treatment for more than 55
minutes, more than 30 minutes, more than 5 minutes, or has
not previously been subjected to a thermal treatment; and (v)
disposing a front electrode onto at least a portion of the first
surface of the {ferroelectric material having ferroelectric
hysteresis properties. Embodiment 28 is the method of any
one of embodiments 1 to 27, wherein no curing agent 1s used
or contained in the polymeric ferroelectric precursor mate-
rial 1n step (a). Embodiment 29 1s the method of any one of
embodiments 1 to 28, wherein the polymeric ferroelectric
precursor material, prior to step (b), has not previously been
subjected to a thermal treatment for more than 30 minutes.
Embodiment 30 1s the method of any one of embodiments 1
to 28, wherein the polymeric ferroelectric precursor mate-
rial, prior to step (b), has not been subjected to a thermal
treatment for more than 5 minutes. Embodiment 31 1s the
method of any one of embodiments 1 to 28, wherein the
polymeric ferroelectric precursor material, prior to step (b),
has not been subjected to a thermal treatment. Embodiment
32 1s the method of any one of embodiments 1 to 31, wherein
the polymeric ferroelectric precursor material 1s a polymeric
blend. Embodiment 33 is the method of embodiment 32,
wherein the polymeric blend can include a ferroelectric
polymer and a non-ferroelectric polymer. Embodiment 34 1s
the method of embodiment 33, wherein the non-ferroelectric
polymer 1s thermoplastic polymer. Embodiment 35 1s the
method of embodiment 34, wherein the thermoplastic poly-
mer 1s a poly(p-phenylene oxide), a poly(methyl methacry-
late), or a polystyrene. Embodiment 36 1s the method of any
one of embodiments 1 to 35, wherein the polymeric ferro-
clectric precursor material can include a ferroelectric poly-
mer and an inorganic material. Embodiment 37 i1s the
method of any one of embodiments 1 to 36, further including,
subjecting the polymeric ferroelectric precursor material to
an electric field. Embodiment 38 1s the method of embodi-
ment 37, wheremn the polymeric ferroelectric precursor
material 1s subjected to pulsed electromagnetic radiation
prior to or simultaneously with the electric field.
Embodiment 38 1s a ferroelectric capacitor or thin film
transistor that can include the ferroelectric material having
terroelectric hysteresis properties produced from the method
of any one of embodiments 1 to 38, wherein the ferroelectric
capacitor or thin film transistor includes a first conductive
material and a second conductive material, wherein at least
a portion of the ferroelectric material 1s disposed between at
least a portion of the first conductive material and at least a
portion of the second conductive material. Embodiment 40
1s the ferroelectric capacitor or thin film transistor of
embodiment 39, wherein the first or second conductive
material, or both, each individually includes a metal.
Embodiment 41 1s the ferroelectric capacitor or thin film
transistor of embodiment 40, wherein the metal 1s platinum,
gold, aluminum, silver, or copper, a metal oxide, or any
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combination or alloy thereof. Embodiment 42 1s the ferro-
clectric capacitor or thin film transistor of any one of
embodiments 39 to 41, wherein first or second conductive
matenal, or both, each individually can include PEDOT:PSS
or polyaniline. Embodiment 43 1s the ferroelectric capacitor
or thin film transistor of any one of embodiments 39 to 42,
wherein the first or second conductive material, or both,
cach individually can include indium-doped tin oxide (ITO)
or graphene. Embodiment 44 1s the ferroelectric capacitor or
thin film transistor of any one of embodiments 39 to 43,
wherein the ferroelectric capacitor or thin film transistor can
be included on a substrate. Embodiment 45 1s the ferroelec-
tric capacitor of embodiment 44, wherein the substrate can
include silicon, plastic, or paper.

Embodiment 46 1s a printed circuit board that can include
the ferroelectric matenal produced by the method of any one
of embodiments 1 to 38 or the ferroelectric capacitor or thin
{1lm transistor of any one of embodiments 39 to 45. Embodi-
ment 47 1s the printed circuit board of embodiment 46,
wherein the ferroelectric material or the ferroelectric capaci-
tor or thin film transistor i1s included 1n at least a portion of
a communications circuit, a sensing circuit, or a control
circuit.

Embodiment 48 1s an integrated circuit that can include
the ferroelectric material produced by the method of any one
of embodiments 1 to 38 or the ferroelectric capacitor or thin
f1lm transistor of any one of embodiments 39 to 45. Embodi-
ment 49 1s the integrated circuit of embodiment 48, wherein
the ferroelectric material or the ferroelectric capacitor or thin
film transistor can be included 1n at least a portion of a
communications circuit, a sensing circuit, or a control cir-
cuit.

Embodiment 50 1s an electronic device that can include
the ferroelectric material produced by the method of any one
of embodiments 1 to 38 or the ferroelectric capacitor or thin
film transistor of any one of embodiments 39 to 45.

Embodiment 51 1s a method for reading and restoring data
to a nonvolatile memory cell that can include the ferroelec-
tric capacitor or thin film transistor of any one of embodi-
ments 39 to 45. Such a method can include (a) applying a
voltage to the ferroelectric capacitor or thin film transistor;
(b) 1increasing the voltage by a predetermined amount; (c)
detecting a charge signal that results from increasing said
voltage, wherein a charge signal having at least a certain
minimum amplitude indicates a change 1n a previously set
polarization state representing a {irst binary logic level; and
(d) restoring said previously set polarization state in said
terroelectric capacitor or thin film transistor if the polariza-
tion state has been changed, by altering a polarity of the
voltage applied to said ferroelectric capacitor or thin film
transistor.

Embodiment 52 1s a method for writing to a nonvolatile
memory cell that can include the ferroelectric capacitor or
thin film transistor of any one of embodiments 39 to 45.
Such a method can include: (a) applying a voltage to the
terroelectric capacitor or thin film transistor; (b) increasing
said voltage by a predetermined amount; (¢) detecting a
charge signal that results from increasing the wvoltage,
wherein a charge signal having at least a certain minimum
amplitude indicates a change to a second polarization state
representing a second binary logic level; (d) maintaiming
said second polarization state if said memory cell represents
said second binary logic level; and (e) restoring to a first
polarization state representing a first binary logic level if
memory cell represents a first binary logic level, by altering
a polarity the voltage applied to said ferroelectric capacitor
or thin film transistor.
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Embodiment 53 1s a method of decoupling a circuit from
a power supply with any one of the ferroelectric capacitors
or thin film transistors of embodiments 39 to 45, the method
can 1nclude disposing the ferroelectric capacitor or thin film
transistor between a power voltage line and a ground voltage
line, wherein the ferroelectric capacitor or thin film transis-
tor 1s coupled to the power voltage line and to the ground
voltage line, and wherein a reduction in power noise gen-
crated by the power voltage and the ground voltage 1is
achieved.

Embodiment 34 1s a method for operating an energy
storage circuit that can include any one of the ferroelectric
capacitors or thin film transistors of embodiments 39 to 45
which provides electrical power to a consummg device
when electrical power from a primary source 1s unavailable,
said method includes (a) defining a target energy level for
the ferroelectric capacitor or thin film transistor; (b) charg-
ing the ferroelectric capacitor or thin film transistor; (c)
measuring a first amount of energy that 1s stored in the
terroelectric capacitor or thin film transistor during charg-
ing; (d) terminating charging of the ferroelectric capacitor or
thin film transistor when the first amount of energy stored in
the capacitor or thin film transistor reaches the target energy
level; and (e) discharging the capacitor or thin film transistor
into the consuming device when electrical power from the
primary source becomes unavailable.

Embodiment 55 1s a method for operating a piezoelectric
sensor, a piezoelectric transducer, and a piezoelectric actua-
tor using any one of the ferroelectric capacitors or thin film
transistors of embodiments 39 to 45.

The phrase “thermal treatment” refers to heat treatments
in which ferroelectric precursor material 1s subjected to an
external heat source such as hot plates, ovens, furnaces, or
heat lamps, eftc.

The phrase “polymer blend” includes at least two poly-
mers that have been blended together by any of the known
techniques for producing polymer blends. Such techniques
include solution blending using a common solvent or melt
blend extrusion whereby the components are blended at
temperatures above the melting point of the polymers and
the obtained mixture 1s subsequently extruded into granules
or directly ito sheets or any other suitable form. Screw
extruders or mills are commonly used for melt blending
polymers. It will also be appreciated the blend of polymers
may be a simple powder blend providing that the blend 1s
subjected to a homogemzing process before or during the
process of fabricating the ferroelectric material of the pres-
ent mvention. Thus, for example, where a ferroelectric
material 1s formed from at least two polymers 1n a screw-fed
injection-molding machine, the feed to the hopper of the
screw may be a simple mixture of the two polymers since a
blend may be achieved in the screw portion of the machine.

The term “polymer” includes oligomers (e.g., a polymer
having 2 to 10 monomeric units or 2 to 5 monomeric units)
and polymers (e.g., a polymer having greater than 10 mono-
meric units). The polymer can be a homopolymer, a copo-
lymer, a terpolymer, or a higher multi-monomer composi-
tion, or blends thereof.

The term “about™ or “approximately” are defined as being
close to as understood by one of ordinary skill 1n the art, and
in one non-limiting embodiment the terms are defined to be
within 10%, preferably within 5%, more preferably within
1%, and most preferably within 0.5%.

The use of the word “a” or “an” when used 1n conjunction
with the term “comprising’ 1n the claims or the specification
may mean “one,” but it 1s also consistent with the meaning,
of “one or more,” “at least one,” and “one or more than one.”
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The words “comprising” (and any form of comprising,
such as “comprise” and “comprises™), “having” (and any
form of having, such as “have” and “has™), “including” (and
any form of including, such as “includes” and “include™) or
“containing” (and any form of containing, such as “con-
tains” and “contain’) are inclusive or open-ended and do not
exclude additional, unrecited elements or method steps.

The term “coupled” 1s defined as connected, although not
necessarily directly, and not necessarily mechanically.

The processes of the present invention can “comprise,”
“consist essentially of,” or “consist of” particular steps
disclosed throughout the specification. With respect to the
transitional phase “consisting essentially of,” 1 one non-
limiting aspect, a basic and novel characteristic of the
processes of the present invention 1s that pre-treatment of the
terroelectric precursor material through traditional anneal-
ing methods (e.g., heating via oven or heating plates) are not
required to obtain ferroelectric material having ferroelectric
hysteresis properties. Rather, the pulsed electromagnetic
radiation 1s the only annealing step needed to obtain said
terroelectric hysteresis properties, and said properties can be
obtained 1n microseconds to up to 60 seconds—a prolonged
heating step 1s not required 1n the context of the present
invention.

Other objects, features and advantages of the present
invention will become apparent from the following figures,
detailed description, and examples. It should be understood,
however, that the figures, detailled description, and
examples, while indicating specific embodiments of the
invention, are given by way of illustration only and are not
meant to be limiting. Additionally, 1t 1s contemplated that
changes and modifications within the spirit and scope of the
invention will become apparent to those skilled 1n the art
from this detailed description.

BRIEF DESCRIPTION OF THE

DRAWINGS

FIG. 1: Illustration of a ferroelectric capacitor that can be
made by the processes of the present invention.

FIGS. 2A-2D: Illustrations of various ferroelectric thin
film transistors that can be made by the processes of the
present mvention.

FIG. 3: Illustration of a roll-to-roll process that can be
used to make ferroelectric materials, capacitors, thin film
transistors, etc., of the present invention.

FIG. 4: Block diagram illustrating implementation of a
circuit 1n a semiconductor wafter or an electronic device
using ferroelectric capacitors and thin film transistors of the
present 1nvention.

FIG. 5: Block diagram showing an exemplary wireless
communication system in which a ferroelectric capacitor or
thin film transistor of the present mnvention may be advan-
tageously employed.

FIG. 6: Schematic of PVDF thin film used for testing.
Using a steel mask, sample was divided into 4 regions to
investigate the eflect of pulse length on ferroelectric pertor-
mance.

FIG. 7: Polarization hysteresis of PVDF film (~190 nm)
exposed to photon wrradiation at ~190° C. using no pulse,
short pulse length, medium pulse length, and long pulse
length. The no pulse experiment was not exposed to any
irradiation.

FIG. 8: Graphs of absorbance (a.u.) versus wavenumber
(cm™) of non-pulsed and long pulsed (about 800 us) poly-
meric ferroelectric precursor material.
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DETAILED DESCRIPTION OF TH.
INVENTION

(L]

The current processes used to make ferroelectric capaci-
tors and thin film transistors from precursor materials
require thermal treatment steps that take multiple minutes to
hours to sufliciently anneal the precursor material so as to
obtain a crystalline phase. While the current processes work,
the additional time and energy required to sufliciently anneal
the {ferroelectric precursor material becomes costly and
complicates the production of the ferroelectric capacitors
and thin film transistors.

The present mvention overcomes the current dithculties
associated with the annealing step. In particular, the pro-
cesses of the present imnvention can perform the needed
annealing step 1n microseconds rather than the prolonged
minutes and hours that are currently needed. Traditional
ovens and hot plates are not required for the annealing step.
Rather, all that 1s needed 1s pulsed electromagnetic radiation
for short periods of time. Surprising, the precursor material
transforms into ferroelectric material having the desired
terroelectric hysteresis properties within seconds or micro-
seconds. By reducing the time needed to complete the
annealing step, the processes of the present invention can be
incorporated 1into more etlicient production systems, one of
which 1s a roll-to-roll system.

These and other non-limiting aspects of the present inven-
tion are discussed 1n further detail 1n the following sections.
A. Ferroelectric Capacitors and Thin Film Transistors

FIGS. 1 and 2 each provide a cross-sectional view of a
terroelectric capacitor and thin film transistors (field eflect
transistors with varying set-ups 1 (A), (B), (C), and (D)),
respectively, that can be produced with the processes of the
present invention. Before discussing the processes of the
present invention, a description of some of the components
that can be used to make ferroelectric capacitors and thin
film transistors 1s provided. With reference to FIG. 1, the
terroelectric capacitor (10) includes a ferroelectric maternal
(13) that 1s annealed with pulsed light. The shading used for
the ferroelectric material (13) refers to precursor material

that has been transformed into ferroelectric material having
hysteresis properties via pulsed electromagnetic radiation—
no prior annealing step such as heating via ovens or hot
plates 1s needed. For the purposes of FI1G. 1, the ferroelectric
material (13) 1s 1llustrated 1n the form of a film or layer. The
terroelectric capacitor (10) can include a substrate (11), a
lower electrode (12), a ferroelectric material (13), and an end
clectrode (14). The ferroelectric capacitor (10) can be fab-
ricated on substrates by sandwiching a ferroelectric material
(13) between two conducting electrodes (12) and (14).
Additional maternials, layers, and coatings (not shown)
known to those of ordinary skill in the art can be used with
the ferroelectric capacitor (10), some of which are described
below. By comparison, FIGS. 2A-2D represent various thin
film transistors (20) that can be processed with the methods
ol the present invention.

The ferroelectric capacitor 1n FIG. 1 and thin film tran-
sistors 1n FIG. 2 are said to have “memory” because, at zero
volts, they have two polarization states that do not decay
back to zero. These polarization states can be used to
represent a stored value, such as binary 0 or 1, and are read
by applying an electric field. The amount of charge needed
to flip the polarization state to the opposite state can be
measured and the previous polarization state 1s revealed.
This means that the read operation changes the polarization
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state, and can be followed by a corresponding write opera-
tion, 1n order to write back the stored value by again altering
the polarization state.

1. Substrate (10)

The substrate (10) 1s used as support. It 1s typically made
from material that 1s not easily altered or degraded by heat
or organic solvents. Non-limiting examples of such materi-
als include morganic materials such as silicon, plastic, paper,
banknotes as well as SABIC substrates including polyeth-
ylene terephthalate, polycarbonates, poly(methyl methacry-
lates), or polyetherimides, or polymeric blends can include
such polymers. Notably, the annealing step of the present
invention 1s performed in a short period of time (e.g.,
microseconds to up to 60 seconds—Ilonger processing times
can also be used), when compared with presently available
annealing techniques such as ovens or hot plates, such that
the underlying substrate 1s not subjected to heat over pro-
longed periods of time. This feature of the present invention
allows for the use of all types of substrates, including those
that have low glass transition temperatures (T,) (e.g., poly-
cthylene terephthalate (PET), polyethylene (PE), polyvinyl
chloride (PVC), polystyrene (PS), or polypropylene (PP).

2. Lower Electrode and Upper Electrodes (12) and (14)

Staying with FIG. 1, the lower electrode (12) can be 1s
made of a conductive maternial. Typically, the lower elec-
trode (12) can be obtained by forming a film using such a
matenal (e.g., vacuum deposition, sputtering, i1on-plating,
plating, coating, etc.). Non-limiting examples of conductive
material that can be used to form a film include gold,
platinum, silver, aluminum and copper, iridium, iridium
oxide, and the like. In addition, non-limiting examples of
conductive polymer materials include conducting polymers
(such as PEDOT: PSS, Polyaniline, graphene etc.), and
polymers made conductive by inclusion of conductive
micro- or nano-structures (such as silver nanowires). The
thickness of the film for the lower electrode (12) 1s typically
between 20 nm to 500 nm, although other sizes and ranges
are contemplated for use in the context of the present
invention.

The upper electrode (14) can be disposed on the ferro-
clectric matenal (13) by thermally evaporating through a
shadow mask. The material used for the upper electrode (14)
can be conductive. Non-limiting examples of such matenals
include metals, metal oxides, and conductive polymers (e.g.,
polyaniline, polythiophene, etc.) and polymers made con-
ductive by inclusion of conductive micro- or nano-structures
such as those discussed above in the context of the lower
clectrode (12). The upper electrode (14) can be a single layer
or laminated layers formed of materials each having a
different work function. Further, 1t may be an alloy of one or
more of the materials having a low work function and at
least one selected from the group consisting of gold, silver,
platinum, copper, manganese, titantum, cobalt, nickel, tung-
sten, and tin. Examples of the alloy include a lithium-
aluminum alloy, a lithium-magnesium alloy, a lithium-1in-
dium alloy, a magnesium-silver alloy, a magnesium-indium
alloy, a magnesium-aluminum alloy, an indium-silver alloy,
and a calcium-aluminum alloy. The film thickness of the
upper electrode (14) 1s typically between 20 nm to 500 nm,
although other sizes and ranges are contemplated for use 1n
the context of the present invention.

3. Ferroelectric Material (13)

Continuing with FI1G. 1, the ferroelectric material (13) can
be interposed between the lower electrode (12) and the
upper electrode (14). In one instance, the material (13) can
be obtained from a ferroelectric precursor material (see FIG.
3, element (34)), which can 1nclude a ferroelectric polymer,
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copolymer, terpolymer, or a polymer blend that includes a
terroelectric polymer, copolymer, or terpolymer or combi-
nations thereof. In preferred aspects, the polymers in the
precursor material (34) are solubilized 1n a solvent or melt
such that they do not exhibit ferroelectric hysteresis prop-
erties but can be transformed via pulsed electromagnetic
radiation to exhibit ferroelectric hysteresis properties within
a matter of second or microseconds. A discussion on this
process 1s provided below. Non-limiting examples of ferro-
clectric polymers include polyvinylidene fluoride (PVDE)-
based polymers, polyundecanoamide (Nylon 11)-based
polymers, or blends of PVDF-based polymers or polyunde-
canoamide (Nylon 11)-based polymers. The PVDF-based
polymer can be a homopolymer, a copolymer, or a terpoly-
mer, or a blend thereof. A non-limiting example of a
PVDF-based homopolymer polymer 1s PVDFE. Non-limiting
examples of PVDF-based copolymers are poly(vinylidene
fluoride-tetrafluoroethylene) (P(VDF-TrFE)), poly(vi-
nylidene-tluoride-co-hexafluoropropene) (P(VDF-HEFP)),
poly(vinylidene-fluoride-chlorotrifluoroethylene) (P(VDEF-
CTFE)) or poly(vinylidene-tluoride-chlorofluoroethylene)
(P(VDF-CFE)). Non-limiting examples of PVDF-based ter-
polymers include poly(vinylidene-fluoride-trifluoroethyl-
ene-chlorotrifluoroethylene) (P(VDF-TrFE-CTFE)) or poly
(vinylidene-fluoride-trifluoroethylene-chlorofluoroethylene)
(P(VDFE-TrFE-CFE)). The ferroelectric polymer can be
blended with a non-ferroelectric polymer. Examples of non-
terroelectric polymers include a poly(phenylene oxide)
(PPO), a polystyrene (PS), or a poly(methyl methacrylate)
(PMMA), or blends thereof. In preferred instances, steps (a)
and (b) are performed 1n a roll-to-roll process.

Referring to FIG. 3, the ferroelectric precursor material
(34) can be deposited by obtaining a solution or melt that
includes a solvent and the ferroelectric polymer(s) solubi-
lized therein. In certain instances, and after deposition but
prior to being subjected to pulsed electromagnetic radiation,
the deposited material (34) can slightly or substantially dry
(e.g., solvent can begin the evaporation process) to create a
semi-dry form. The solution or melt can be prepared in a
common solvent which dissolves the polymers or melts the
polymers mto a blend. Non-limiting examples of such
solvents 1include methyl ethyl ketone, di-methylformamaide,
acetone, di-methyl sulfoxide, cyclohexanone, tetrahydro-
furan, diethyl carbonate, propylene glycol methyl ether
acetate, etc. The solution can be deposited by spray coating,
ultra sonic spray coating, roll-to-roll coating, ink-jet print-
ing, screen printing, drop casting, spin coating, dip coating,
Mayer rod coating, gravure coating, slot die coating, doctor
blade coating, extrusion coating, flexography, gravure, ofl-
set, rotary screen, flat screen, ink-jet, roll-to-roll photoli-
thography, or laser ablation. Alternatively, and as explained
above, other processes such as melt blend extrusion can be
used. FIG. 3. provides a non-limiting roll-to-roll system (30)
that can be used 1n the context of the present invention.
B. Roll-to-Roll Process for Producing Ferroelectric Capaci-
tors and Thin Film Transistors

Staying with FIG. 3, the roll-to-roll system (30) includes
rollers (31a and 315b) that can be used to roll a substrate (11)
material at a desired speed. The substrate (11) can be
unrolled and placed on a first roller (31a) and then attached
to a second roller 31(d) such that the substrate (11) moves
from the first roller (31a) to the second roller (315). Along
the path, the system (30) can include various apparatuses for
deposition of various materials. For instance, a back elec-
trode (12) can be disposed onto the substrate (11) via any
forms of deposition methods discussed above-deposition
device 1s 1llustrated as (32). If needed, the back electrode
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(12) can be further processed (e.g., curing of the deposited
back electrode (12). After the back electrode (12) 1s depos-
ited and processed onto the substrate (11), the precursor
material (34) can be disposed onto at least a portion of the
clectrode surface (12) or the substrate (11) or both. In FIG.
3, the precursor material (34) 1s deposited on the electrode
surface (12) via deposition device (33). Notably, the ferro-
clectric precursor material (34) can then be annealed without
the use of an oven or hot plates or other traditional heating
sources. Rather, the substrate (11)/back electrode (12)/fer-
roelectric precursor material (34) stack can be directly rolled
to a device (35) that produces pulsed electromagnetic radia-
tion (36) such as the UVH 22024-0 by Ushio America Inc.
(Cypress, Calif.), the Lighthammer 10 by Fusion UV Inc.
(Gaitthersburg, Md.), the BR 70sv by Comec Italia Srl
(Italy), standard rapid thermal annealing ovens, or the Pulse-
Forge 3200 X2 by Novacentrix® (Austin, Tex.). In preferred
non-limiting aspects, the PulseForge 3200 X2, which 1s
designed for roll-to-roll and conveyor-based material pro-

cessing, can be used. Other PulseForge devices that can be
used include model numbers 1200 and 1300. The Pulse-

Forge devices can be used 1n combination with SimPulse™
software (also offered by Novacentrix®) to specifically
control the types of electromagnetic radiation, the pulse
length of time of each pulse, the frequency of the pulses, the
power ol the pulses, the heat penetration depth of the pulses
to allow for selective heating of the ferroelectric precursor
matenial (34) without heating or significantly heating the
underlying substrate (11) or back electrode (12) or both, eftc.
Some ol the specifications for these PulseForge devices
include radiant energy delivered (e.g., up to 21 J/cm?), linear
processing speed (e.g., up to 30 meters/minute), radiant
power delivered (e.g., up to 4.3 KW/cm®), curing dimension
per pulse (e.g., up to 75x150 mm), area cured per sample
(e.g., 300x150 mm), pulse length range 25 to 10,000 micro-
seconds), pulse length increments (e.g., up to 1 microsec-
ond), pulse spacing (e.g., minimum spacing of 20 micro-
seconds), pulse rate/frequency, electromagnetic output
spectrum (200 to 1500 nm), uniformity of exposure (e.g.,
+/—5% point to point or better). Still another device that can
be used for subjecting the ferroelectric precursor material
(34) to pulsed electromagnetic radiation includes the Sin-
teron 5000 device from Xenon Corp. (Wilmington, Mass.),
which can also be used 1n a roll-to-roll system. U.S. Pat. No.
8,410,712, which 1s incorporated by reference, includes
additional information on pulsed electromagnet radiation
devices. The pulsed magnetic radiation converts the precur-
sor material (34) into the ferroelectric material having
terroelectric hysteresis properties (13), which 1s 1llustrated
by the shaded area in (13) when compared with the un-
shaded lines 1 (34). It 1s believed that the pulsed magnetic
radiation (36) allows for the formulation of a crystalline
phase (shaded portion in (13)) via chemical restricting of the
precursor material (34) or removal of the solvent from said
precursor material (34), or both. Subsequently, the substrate
(11)/back electrode (12)/ferroelectric maternial (13) stack can
be further processed by deposing a front electrode (14) onto
at least a surface of the ferroelectric material (13) via a
deposition device 37. The front electrode (14), if needed, can
be further cured.

The process of the present invention can etliciently pro-
duce high-performance ferroelectric capacitors (10) or thin
film transistors (2) 1n large-scale quantities in a quick and
cost eflicient manner. Notably, however, the annealing step
of the present imvention does not have to be limited to use
in a roll-to-roll system. Rather, and as illustrated in the
Examples, claims, and the summary of the present inven-
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tion, the key processing step 1s the pulsed electromagnetic
radiation, which can be used 1n all types of thin film
transistor or capacitor manufacturing processes.

C. Applications for Ferroelectric Capacitors and Thin Film
Transistors

Any one of the ferroelectric capacitors or thin film tran-
sistors of the present invention can be used 1n a wide array
of technologies and devices including but not limited to:
smartcards, RFID cards/tags, piezoelectric sensors, piezo-
clectric transducers, piezoelectric actuators, pyroelectric
sensors, memory devices, non-volatile memory, standalone
memory, firmware, microcontrollers, gyroscopes, acoustics
sensors, actuators, microgenerators, power supply circuits,
circuit coupling and decoupling, RF filtering, delay circuits,
and RF tuners. If implemented 1n memory, including firm-
ware, functions may be stored 1n the ferroelectric capacitors
or thin film transistors as one or more 1nstructions or code on
a computer-readable medium. Examples include computer-
readable media encoded with a data structure and computer-
readable media encoded with a computer program. Com-
puter-readable media includes physical computer storage
media. Combinations of the above should also be 1included
within the scope of computer-readable media.

In many of these applications thin films of ferroelectric
materials are typically used, as this allows the field required
to switch the polarization to be achieved with a moderate
voltage. Although some specific circuitry has been set forth,
it will be appreciated by those skilled 1n the art that not all
of the disclosed circuitry 1s required to practice the disclo-
sure. Moreover, certain well known circuits have not been
described, to maintain focus on the disclosure.

FI1G. 4 1s block diagram 1llustrating implementation of an
integrated circuit in a semiconductor waler or an electronic
device according to one embodiment. In one case, a ferro-
clectric capacitor (10) or thin film transistor (20) may be
found 1 a water (41). Due to spatial restrictions, FIG. 4
references a ferroelectric capacitor (10). However, 1t should
be recognized, that the thin film transistor (20) can replace
the ferroelectric capacitor (10) or can be included/utilized
along with said ferroelectric capacitor (10) 1n the electronic
device 1illustrated 1n FIG. 4. The water (41) may be singu-
lated 1nto one or more dies that may contain the ferroelectric
capacitor (10) or thin film transistor (20). Additionally, the
waler (41) may experience further semiconductor manufac-
turing before singulation. For example, the water (41) may
be bonded to a carrier waler, a packaging bulk region, a
second waler, or transierred to another fabrication facility.
Alternatively, an electronic device (43) such as, for example,
a personal computer, may include a memory device (42) that
can include the ferroelectric capacitor (10) or thin film
transistor (20). Additionally, other parts of the electronic
device (43) may include the ferroelectric capacitor (10) or
thin film transistor (20) such as a central processing unit
(CPU), a digital-to-analog converter (DAC), an analog-to-
digital converter (ADC), a graphics processing unit (GPU),
a microcontroller, or a communications controller.

FIG. 5 1s a block diagram showing an exemplary wireless
communication system (50) in which an embodiment of the
disclosure may be advantageously employed. For purposes
of 1llustration, FIG. 5 shows three remote units (52), (53),
and (55) and two base stations (54). It will be recognized that
wireless communication systems may have many more
remote units and base stations. Remote units (32), (53), and
(55) include circuit devices (52A), (52C) and (52B), which
may include integrated circuits or printable circuit boards,
that include the disclosed ferroelectric capacitor or thin film
transistors made by the processes of the present invention. It
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will be recognized that any device containing an integrated
circuit or printable circuit board may also include the
terroelectric capacitor or thin film transistor disclosed
herein, including the base stations, switching devices, and
network equipment. FIG. 5 shows forward link signals (58)
from the base station (34) to the remote units (52), (53), and
(55) and reverse link signals (39) from the remote units (352),
(53), and (55) to base stations (54).

In FIG. 5, remote unit (52) 1s shown as a mobile tele-
phone, remote unit (533) 1s shown as a portable computer, and
remote unit (55) 1s shown as a fixed location remote unit in
a wireless local loop system. For example, the remote units
may be mobile phones, hand-held personal communication
systems (PCS) units, portable data units such as personal
data assistants, GPS enabled devices, navigation devices, set
upper boxes, music players, video players, entertainment
units, fixed location data units such as meter reading equip-
ment, or any other device that stores or retrieves data or
computer istructions, or any combination thereof. Although
FIG. 5 1llustrates remote units according to the teachings of
the disclosure, the disclosure 1s not limited to these exem-
plary illustrated unmits. Embodiments of the disclosure may
be suitably employed in any device which includes the
terroelectric capacitor (10) or thin film capacitor (20) made
by the processes disclosed by the present invention.

Although the present disclosure and 1ts advantages have
been described in detail, 1t should be understood that various
changes, substitutions and alterations can be made herein
without departing from the technology of the disclosure as
defined by the appended claims. Moreover, the scope of the
present application 1s not imtended to be limited to the
particular embodiments of the process, machine, manufac-
ture, composition of matter, means, methods and steps
described in the specification. As one of ordinary skill in the
art will readily appreciate from the disclosure, processes,
machines, manufacture, compositions of matter, means,
methods, or steps, presently existing or later to be developed
that perform substantially the same function or achieve
substantially the same result as the corresponding embodi-
ments described herein may be utilized according to the
present disclosure. Accordingly, the appended claims are
intended to include within their scope such processes,
machines, manufacture, compositions of matter, means,
methods, or steps.

EXAMPLES

The present invention will be described 1 greater detail
by way of specific examples. The following examples are
offered for 1llustrative purposes only, and are not intended to
limit the invention in any manner. Those of skill 1n the art
will readily recognize a variety ol noncritical parameters
which can be changed or modified to yield essentially the
same results.

Example 1
Preparation of Ferroelectric Precursor Materal

5.1 wt. % polyvinylidene fluoride (PVDF) was solubi-
lized 1n dimethylformamide (DMF) to obtain a solution. The
solution was spin-coated (3000 rpm for 60 sec.) onto a
platinum-coated silicon wafler to obtain a thin film of
approximately 190 nm. The films were spun, stored inside a
standard “gel-pak”, and exposed to the radiation 6 days later.
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Example 2

Processing of the Ferroelectric Precursor Materal
into Ferroelectric Material Having Ferroelectric
Hysteresis Properties

Following the casting of the platinum-coated silicon
waler supported PVDF thin film solution, and without any
form of heating, the thin film solution was directly exposed
to light 1rradiation from a PulseForge 1300 photonic curing
tool, supplied by Novacentrix (Austin, Tex., USA). The
following parameters were used via Novacentrix’s Sim-
pulse® software, which 1s used in conjunction with the
PulseForge tool:

(1) Pulse radiant energy approximately 2-4 J/cm”.

(2) Pulse Depth approximately 200 nm.
(3) Output Light Spectrum 200 to 1000 nm.

(4) Pulse Length: None; Short (about 200 us), Medium
(about 400 ps), and Long (about 800 us).

(5) Pulse Frequency: Adjusted by the Simpulse® software
from a single pulse to 1 Hz to maintain the pulse
temperature and pulse length delivered to the PVDF
thin film solution.

For comparative data, the test was conducted such that,
using a steel mask, only selected regions of the platinum-
coated silicon water supported PVDF thin film solution were
exposed to pulsed light, each using a different pulse length
(none, short, medium, long). FIG. 6 provides a schematic
illustrating this set up.

Example 3

Ferroelectric Hysteresis Properties of Produced
Ferroelectric Material

Following photonic exposure using the PulseForge tool,
Au electrodes were evaporated using a shadow mask to
cover the entire top surface of the film for ferroelectric
characterization. FIG. 7 provides the results of these tests. In
particular, at least 4 devices from each region were tested. As
evident 1n FIG. 7, the best terroelectric hysteresis loops were
obtained over the sample area exposed to the longest pulse
length (Region 4). This area on the sample was specifically
able to withstand high fields (250 MV/m) without showing
top electrode explosions typically seen with as-spun
samples. The memory device exhibits saturated ferroelectric
polarization hysteresis upon electroforming of the device at
clectric fields of ~250 MV/m, showing a remnant polariza-
tion of about 5 uC/cm® and coercive field of about 110
MV/m at 10 Hz. This 1s in line with the best reported
polarization hysteresis loops for PVDF. Medum pulse
length (Region 3) also exhibit ferroelectricity, but with lower
device yield and a maximum remnant polarization of ~3
uC/cm? at 10 Hz.

By comparison, Regions 1 (no pulse light) and 2 (short
pulse length) did not show any ferroelectric behavior. These
devices instantly broke down at low frequencies (10 Hz).
Theretfore, data at 100 Hz instead of 10 Hz 1s shown 1n FIG.
7. There was no evidence of polarization even after reaching
clectric fields suflicient for electroforming (~230 MV/m).
The lowest performing devices were under Region 1, the
area on the sample that was not exposed to any pulse light.

Without wishing to be bound by theory, it 1s believed that
the longer photonic exposures permit more time for polymer
rearrangement to obtain a crystalline phase for ferroelectric
hysteresis properties. Thus, depending on the pulse length
and radiant energy of the photons, gradual formation of
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crystalline alpha-phase in PVDF 1s formed which can be
clectroformed into the ferroelectric delta-phase. Addition-
ally, the ferroelectric beta-phase 1s also formed as shown 1n
FIG. 8.

The mvention claimed 1s:

1. A method for producing a polymeric ferroelectric
material, the method comprising the steps of:

(a) obtaining a polymeric ferroelectric precursor material;

and

(b) subjecting the polymeric ferroelectric precursor mate-
rial to pulsed ultraviolet radiation suflicient to form the
polymeric ferroelectric material having ferroelectric
hysteresis properties,

wherein the polymeric ferroelectric precursor material,
prior to step (b), has not previously been subjected to
a thermal treatment for more than 55 minutes;

wherein steps (a) and (b) are performed 1n a roll-to-roll
process, and the method further comprises:

(1) obtaining a substrate uncoiled from a roll;

(1) disposing a back electrode onto at least a portion of a
surface of the substrate;

(111) disposing the polymeric ferroelectric precursor mate-
rial onto at least a portion of a surface of the back
clectrode such that the ferroelectric precursor material
comprises a first surface and an opposing second sur-
face that 1s 1n contact with the back electrode;

(1v) subjecting at least a portion of the first surface to
pulsed ultraviolet radiation suflicient to form the poly-
meric ferroelectric matenial having ferroelectric hyster-
es1s properties, wherein the polymeric ferroelectric
precursor material, prior to step (1v), has not previously
been subjected to a thermal treatment for more than 55
minutes, more than 30 minutes, more than 5 minutes, or
has not previously been subjected to the thermal treat-
ment; and

(v) disposing a front electrode onto at least a portion of the
first surface of the ferroelectric material having the
terroelectric hysteresis properties.

2. The method of claim 1, wherein the pulse length 1s 25

us to 10,000 us.

3. The method of claam 1, wherein step (a) further
comprises disposing the polymeric ferroelectric precursor
material onto a substrate such that the polymeric ferroelec-
tric precursor material has a first surface and an opposing
second surface,

wherein the second surface 1s 1n contact with the substrate
surtace.

4. The method of claim 1, wherein the polymeric ferro-
clectric precursor material 1n step (a) comprises a ferroelec-
tric polymer.

5. The method of claim 4, wherein the ferroelectric
polymer 1s a polyvinylidene tluoride (PVDF)-based polymer
or a blend comprising a PVDF-based polymer.

6. The method of claim 5, wherein the PVDF-based
polymer 1s PVDFEF, a poly(vinylidene fluoride-tetratluoroeth-
ylene) (P(VDF-TrFE)), or a poly(vinylidene-fluoride-co-
hexatluoropropene) (P(VDF-HFP)), poly(vinylidene fluo-
ride-co-chlorotrifluoro  ethylene) (PVDF-CTFE), poly
(vinylidene fluoride-co-chlorofluoroethylene) (PVDF-CFE),
poly(vinylidene fluoride-co-chlorodifluoroethylene)
(PVDF-CDFE), poly(vinylidene fluoride-co-trifluoroethyl-
ene-co-chlorofluoroethylene) (PVDFE-TrFE-CFE), poly(vi-
nylidene  fluoride-co-trifluoroethylene-co-chlorotrifluoro-
cthylene) (PVDF-TrFE-CTFE), poly(vinylidene fluoride-
co-trifluoroethylene-co-hexatluoropropylene) (PVDFE-TrFE-
HFP), poly(vinylidene fluoride-co-trifluoroethylene-co-
chlorodifluoroethylene) (PVDF-TrFE-CDFE), poly
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(vinylidene fluoride-co-tetrafluoroethylene-co-
chlorofluoroethylene) (PVDF-TFE-CFE), poly(vinylidene
fluoride-co-tetrafluoroethylene-co-chlorotrifluoroethylene)
(PVDF-TFE-CTFE), poly(vinylidene fluoride-co-tetratluo-
roethylene-co-hexatluoropropylene) (PVDF-TFE-HFP), >
and poly(vinylidene fluoride-co-tetratluoroethylene-co-
chlorodifluoroethylene) (PVDF-TFE-CD FE), or a poly-
meric blend thereof.

7. The method of claim 1, wherein no curing agent 1s used

or contained in the polymeric ferroelectric precursor mate- 10
rial in step (a).

8. The method of claim 1, wherein the polymeric ferro-
clectric precursor material, prior to step (b), has not previ-
ously been subjected to a thermal treatment for more than 30

minutes.

9. The method of claim 1, wherein the polymeric ferro-
clectric precursor material, prior to step (b), has not been
subjected to a thermal treatment for more than 5 minutes.

10. The method of claim 1, wherein the polymeric ferro- 2g
clectric precursor material comprises a ferroelectric polymer
and an inorganic material.

11. The method of claim 1, further comprising subjecting
the polymeric ferroelectric precursor material to an electric
field. 25

12. A ferroelectric capacitor or thin film transistor com-
prising the ferroelectric material having ferroelectric hys-
teresis properties produced from the method of claim 1,
wherein the ferroelectric capacitor or thin film transistor
includes a first conductive material and a second conductive 30
material, wherein at least a portion of the {ferroelectric
material 1s disposed between at least a portion of the first
conductive material and at least a portion of the second
conductive material.

13. A printed circuit board comprising the ferroelectric 35
material produced by the method of claim 1.

14. An integrated circuit comprising the ferroelectric
material produced by the method of claim 1.

15. An electronic device comprising the ferroelectric
material produced by the method of claim 1. 40
16. A method of decoupling a circuit from a power supply

with any one of the ferroelectric capacitors or thin film
transistors comprising the ferroelectric material having fer-
roelectric hysteresis properties produced from the method of
claim 1, the method comprising disposing the ferroelectric 45
capacitor or thin film transistor between a power voltage line
and a ground voltage line, wherein the ferroelectric capacitor

or thin film transistor is coupled to the power voltage line
and to the ground voltage line, wherein a reduction 1n power
noise generated by the power voltage and the ground voltage 50
1s achieved, and wherein the ferroelectric capacitor or thin
film transistor includes a first conductive material and a
second conductive material, wherein at least a portion of the
terroelectric material 1s disposed between at least a portion

of the first conductive material and at least a portion of the 55
second conductive materal.

17. A method for operating an energy storage circuit
comprising any one of the ferroelectric capacitors or thin
f1lm transistors comprising the polymeric ferroelectric mate-
rial made by the method of claim 1, which provides elec- 60
trical power to a consuming device when electrical power
from a primary source 1s unavailable, said method compris-
ng:

(a) defining a target energy level for the ferroelectric

capacitor or thin film transistor; 65

(b) charging the ferroelectric capacitor or thin film tran-

sistor:

24

(c) measuring a first amount of energy that 1s stored 1n the
ferroelectric capacitor or thin film transistor during
charging;

(d) terminating charging of the ferroelectric capacitor or
thin film transistor when the first amount of energy
stored 1n the capacitor or thin film transistor reaches the
target energy level; and

(¢) discharging the capacitor or thin film transistor into the
consuming device when electrical power from the
primary source becomes unavailable, and
wherein the ferroelectric capacitor or thin film transis-

tor includes a first conductive material and a second
conductive material, wherein at least a portion of the
terroelectric material 1s disposed between at least a
portion of the first conductive material and at least a
portion of the second conductive material.

18. A method for operating a piezoelectric sensor, a
piezoelectric transducer, or a piezoelectric actuator using
any one of the ferroelectric capacitors or thin film transistors
comprising the ferroelectric material having ferroelectric
hysteresis properties produced from the method of claim 1,
wherein the ferroelectric capacitor or thin film transistor
includes a first conductive material and a second conductive
material, wherein at least a portion of the ferroelectric
material 1s disposed between at least a portion of the first
conductive material and at least a portion of the second
conductive material.

19. A method for reading and restoring data to a nonvola-
tile memory cell comprising a ferroelectric capacitor or a
thin film transistor comprising a polymeric ferroelectric
material made by:

(a) obtaining a polymeric ferroelectric precursor material;

and

(b) subjecting the polymeric ferroelectric precursor mate-
rial to pulsed ultraviolet radiation suflicient to form the
polymeric ferroelectric material, the polymeric ferro-
clectric material having ferroelectric hysteresis proper-
ties,

wherein the polymeric ferroelectric precursor material,
prior to step (b), has not previously been subjected to
a thermal treatment for more than 55 minutes,

wherein the ferroelectric capacitor the thin film transistor
includes a first conductive material and a second con-
ductive material, and

wherein at least a portion of the polymeric ferroelectric
material 1s disposed between at least a portion of the
first conductive material and at least a portion of the
second conductive material, the method comprising:

(1) applying a voltage to the ferroelectric capacitor or the
thin film transistor;

(1) increasing the voltage by a predetermined amount;

(111) detecting a charge signal that results from increasing
the voltage, wherein the charge signal having at least a
certain minimum amplitude indicates a change 1n a
previously set polarization state representing a first
binary logic level; and

(1v) restoring said previously set polarization state in the
ferroelectric capacitor or the thin film transistor when
the polarization state has been changed, by altering a
polarity of the voltage applied to the ferroelectric
capacitor or the thin film transistor.

20. A method for writing to a nonvolatile memory cell
comprising a ferroelectric capacitor or a thin film transistor
comprising a polymeric ferroelectric material made by:

(a) obtaining a polymeric ferroelectric precursor material;

and
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(b) subjecting the polymeric ferroelectric precursor mate-
rial to pulsed ultraviolet radiation suflicient to form the
polymeric ferroelectric material, the polymeric ferro-
clectric matenal having ferroelectric hysteresis proper-
ties,

wherein the polymeric ferroelectric precursor material,
prior to step (b), has not previously been subjected to
a thermal treatment for more than 55 minutes,

wherein the ferroelectric capacitor or the thin film tran-
sistor includes a first conductive material and a second
conductive material, wherein at least a portion of the
polymeric ferroelectric material 1s disposed between at
least a portion of the first conductive material and at
least a portion of the second conductive material, the
method comprising:

(1) applying a voltage to the ferroelectric capacitor or the
thin film transistor;

(1) increasing said voltage by a predetermined amount;

(111) detecting a charge signal that results from increasing
said voltage, wherein a charge signal having at least a
certain minimum amplitude indicates a change to a
second polarization state representing a second binary
logic level;

(1v) maintaining said second polarization state 1f said
nonvolatile memory cell represents said second binary
logic level; and

(v) restoring to a first polarization state representing a first
binary logic level when the nonvolatile memory cell
represents a first binary logic level, by altering a
polarity of the voltage applied to the {ferroelectric
capacitor or the thin film transistor.
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